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Abstract 
The microstructure evolution of two-phase nanocomposite Ti-C-N thin films grown by reactive close-field 
unbalanced magnetron sputtering in an Ar-N2 gas mixture with microstructures comprising of nanocrystalline (nc-) 
Ti(N,C) phase surrounded by  amorphous (a-) (C,CNx) matrix under different a-phase amounts have been 
investigated by using high-resolution transmission electron microscopy and Monte Carlo simulation. The results 
show that with the a-phase amounts increasing, the grain size decreasing and a size-dependent lognormal grain 
size distribution have been found in nanocomposite films. The formation mechanism of this microstructure 
evolution is attributed to the transformation of grain growth mode from the nc/nc-boundary-curvature-driven 
growth to the a/nc-boundary-curvature-driven growth accompanied with a convergence of energy on per grain 
boundary with grain size decreasing (i.e. a-phase amount increasing), leading to the tendency from the off-
lognormal size distribution to the lognormal one. When a-phase amount increases to about 28% with grain size 
reducing to let per grain boundary covered by one monolayer a-phase, the uniform diffusion-controlled growth is 
dominant, resulting in the lognormal grain size distribution. This study suggests an important implication to 
prepare the nanocomposite films with a well-controlled nanostructure. 
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1. Introduction 
Two-phase nanocomposite films with microstructures comprising of nanocrystalline (nc-) phase enclosed by 
amorphous (a-) matrix are attractive novel materials for potential industrial and engineering applications due to 
their remarkable physical, mechanical, and tribological properties [1-4]. Some of recent nanoscience studies have 
revealed that the grain size decreasing with the increase of amorphous amounts influences the properties of 
nanocomposite films [1-4]. It is well known that the physical performance of nanostructured materials critically 
depends on not only the nanograin size but also particularly grain size distribution (GSD) with small size 
dispersion [5-6]. Lognormal GSD commonly exists in single-phase films composed of ultrafine particles or 
nanograins, which plays an important role in improving their performance [5-9]. However, the GSD in the 
nanocomposite films and especially the effects of a-phase amounts on the GSD as well as its formation 
mechanisms are not well known. The investigation on this aspect can give a physical image of microstructure 
evolution including the change of grain size and GSD in nanocomposite films under different a-phase amounts, 
which can supply a guide for us to prepare nanocomposite films with a well-controlled nanostructure.  
In this work, nanocomposite films of nc-TiN/a-(C,CNx) with different a-phase amounts were produced by 
reactive magnetron sputtering. A dc-biased, unbalanced magnetron sputter source was operated under conditions 
of intense Ar-ion plating. Microstructure evolution including the change of grain size and GSD and nanocrystallites 
were revealed using high-resolution transmission electron microscopy (HRTEM).  A Monte Carlo (MC) 
calculation based on the Potts model has also been performed to simulate how different a-phase amounts, i.e. 
different amorphous volume fractions (Va), influence the TiN crystal grain growth and GSDs. The direct 
observation of the simulated grain growth modes under different Va values overcomes the extreme difficulties in 
real-time observing the grain growth experimentally and establishes a link between microscopic grain growth 
modes and microstructure evolutions. 
2. Experimental details and MC simulations 
2.1. Nanocomposite deposition 
Nanocomposite films of nc-TiN/a-(C,CNx) were deposited at 500 ºC in a reactive unbalanced dc magnetron 
sputtering system (UDP450, Teer Coating Limited) using two Ti and two C targets. The Si(100) substrates were 
taken directly from sealed containers and introduced into the deposition chamber without further cleaning 
treatment. The sputtering was carried out in an Ar-N2 gas mixture with a substrate rotation speed of 15 rpm. The 
base pressure in the chamber was  2.7×10-4 Pa, and the working pressure, consisting of Ar and N2 with a constant 
gas-flow rate of F(N2)+F(Ar)=40 sccm, was set at 0.26 ×10-2 Pa during all depositions. All films were deposited to 
a nominal thickness of approximately 2.0 Pm at a pulsed bias voltage of –60 V and a frequency of 250 kHz (~500 
nm pulse width). 
The atomic concentration of elements was analyzed by X-ray photoelectron spectroscopy (XPS) on a PHI 5802 
system with a monochromatic Al KĮ X-ray source (hQ=1486.6 eV). The crystallographic structure of the films was 
analyzed by X-ray diffraction (XRD) using in ș-2ș configuration. The HRTEM images were obtained in a JEOL 
JEM-2010F field emission electron microscope operated at 200 kV. Plan-view specimens were prepared by 
mechanically thinning from back-side to ~10 Pm, followed by 5 keV Ar+-ion milling at 6q angle with respect to 
the specimen surface to obtain electron transparency. The hardness value was measured by a Fischer instrument 
with a four-sided diamond pyramid tip. During measurement a single loading-unloading mode and a maximum 
load of 20 mN were used. 
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2.2. MC simulations 
In order to have an insight into this size-dependent lognormal distribution, the grain growth evolutions of 
nanocomposite films with different nc-grains (i.e. different grain sizes) and Va were investigated using MC 
simulations based on a modified Q-state Potts model [10, 11]. For nanocomposite films consisting of crystal 
species A and amorphous species B, the system energy should include nc/nc boundary energy EAA, a/nc interfacial 
energy EAB, and surface energy ES, which can be described as its Hamiltonian H [10-13]: 
,                  
(1) 
 
 
 
 
where NN is the nearest neighbors of a lattice site (NN=6 for triangular lattice) with NNA occupied by species A. 
JAB and JAA scale a/nc interfacial energy and nc/nc grain boundary (GB) energy, respectively.
jiSS
į or 
jiQQ
į is the 
Kronecker delta function [10, 11]. S represents the type of species: S=1 for species A and S=0 for species B. Q 
indicates the crystal orientation state with 1 to Q (here Q=50) for species A and 0 for species B. EA and EB 
represent surface energy of species A and B. Two processes of lattice site re-orientation limited for the nearest 
neighboring species A with different Q-states and site exchange limited to the nearest neighboring species A and 
B are considered to realize the GB sliding, and they are performed on a large 2-D triangular lattice of NuN (here 
N=300) using standard MC techniques [13, 14]. NA lattice sites are randomly occupied by species A and NuN-NA 
sites by species B with periodic boundary conditions, so that the value of Va can be calculated to be (NuN-
NA)/(NuN). According to the condition that JAA and JAB are required to form the continuous a-matrix with enough 
Va [12, 13], we set JAA/JBB=k (kt3). Since k is not accurately known for a given system, it is reasonable to set k 
as a constant value to determine the effects of Va on the GSDs. Here JAB=1 kBT and JAA=3 kBT with k=3, and Va 
varies in a range from 1.5% to 45%. When a simulation with a given Va is completed after 500, 1500, and 2000 
MC steps, the microstructure, the grain diameter D and its total number n are recorded to analyze the simulated 
mean grain size and GSD. 
3. Results and discussion 
 Fig. 1(a) shows the plan-view HRTEM image of C-free TiN (TiN0.87) and its fast Fourier transformation (FFT) 
spectrum inserted in the up right corner. The corresponding selective area diffraction (SAD) pattern is also inserted 
in the down right corner. It is evident that the TiN0.87 is a polycrystallite comprising of grains in various sizes, 
shapes and orientations. Because the grains are relatively large (a32 nm by XRD) only one high-angle grain 
boundary and two adjacent grains (A and B) as well as one Morié pattern zone C with large fringe spacing are 
observed in Fig. 1(a). Besides, some Morié patterns appear in the grain boundary zone. In grain A there are cross 
{111} lattice fringes with a lattice space of a2.4 Å, while in grain B {200} lattice fringes with a lattice space of 
a2.1 Å are observed. These two values are consistent with those shown in JCPDS data for TiN (2.45 Å and 2.12 Å 
for (111) and (200) lattice space, respectively). The sharp spots shown in the FFT spectrum indicates that the 
lattice spaces in different grains are uniform. The SAD ring pattern with labeled strong (111), (220) and weak 
(200) rings originates from the fcc-like TiN structure. Besides, there is no amorphous phase observed in grain 
boundaries. This indicates that the present plasma conditions such as nitrogen activity and activation energy were 
enough for the fully crystallization of TiN. Incorporation of a small amount of C (less than a12.4 at.% in this 
study) did not make nanostructure obvious change except for grain size. Fig. 1(b) is a typical HRTEM image of 
thin film incorporating 7.3 at.% C (TiC0.14N0.74). It is found that the TiC0.14N0.74 still exhibits polycrystallite 
comprising of smaller grains (compared with TiN0.87) in various sizes, shapes and orientations. Among the four 
grains shown in Fig. 1(b), grain A shows cross {111} lattice fringe contrast with a lattice space of a2.4 Å, while 
single {111} and  {200} lattice fringe contrasts with lattice spaces of a2.4 and a2.1 Å respectively are observed in 
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grains BaD respectively. By comparison with Fig. 1(a) the spots in FFT spectrum in the insert shows some 
fluctuant, which indicates that there is a slight difference in lattice space in different parts of one grain or different 
grains due to the formation of solid solution Ti(N,C), resulting from the dissolution of C into TiN0.87 lattice. The 
SAD ring pattern in the insert can also be indexed in terms of an fcc structure, which is the same as that of TiN0.87. 
The main difference is that the latter shows succession in ring lines, confirming a great decrease of grain size with 
C incorporation. A similar phenomenon occurred in the film contenting a12.4 at.% C (TiC0.24N0.71). As shown in 
Fig. 1(c), TiC0.24N0.71 is still a ploycrystallite, which do not show obvious difference with TiC0.14N0.74 [Fig.1(b)]. 
In Fig. 1(c), cross {111} lattice fringes with a lattice space of a2.4 Å in grains A and {200} lattice fringes with a 
lattice space of a2.1 Å in grains BaD are observed. This indicates that a polycrystalline structure remained till C 
content got up to a12.4 at.% C. 
The GSD in different samples were also analyzed based on the lognormal theory, in which the probability 
density function of lognormal GSD can be written as [15]: 
 
 
 (2) 
 
 
 
where P  and V  are the mean value and the standard deviation of lnD, respectively. To obtain the concordance 
of the measured GSDs to lognormality, the original grain size histograms obtained by HRTEM must be fitted 
using both P  and V  in Eq. (2). However, this simple fitting method has difficulties since it is accurate only for a 
large number of grains. As an alternative analytical method, the cumulative percentage method (CPM) can give 
the distribution from a small number of experimental grains [7, 9]. The method analyzes log-probability plots of 
the HRTEM data, in which a lognormal distribution will yield a straight line [8, 16].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Plan-view HRTEM images from thin films with different C contents. (a) 0 at.% (TiN0.87), (b) 7.3 at.% 
(TiC0.14N0.74) and (c) 12.4 at.% (TiC0.24N0.71) carbon. Their FFT spectra and corresponding SAD patterns are 
inserted, respectively. 
 
The MC simulated microstructure evolutions under different Va values have been analyzed. The mean value 
D  ( MCP ) and the standard deviation <V> (VMC) of D (lnD) are calculated using the recorded data D and n 
according to Ref. 5. The GSD is also obtained by analyzing the log-probability plots from the simulated D and n. 
Fig. 2(a) shows log-probability plots with different Va values. Typical size-probability plots are shown in the inset. 
In the small Va range of 6-23%, the GSD deviates from lognormality at the small-size end. It gradually approaches 
to lognormality with Va increasing to ~28%. When Va>30%, a deviation of GSD from lognormality is observed 
again, and it becomes more apparent with further increasing Va. The mean grain size D  decreases with Va 
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increasing (not shown here), which is in a good agreement with the results of Ref. 17. Therefore, the simulated 
GSDs become lognormal at a critical grain size and they are off-lognormal in the case of either smaller or larger 
grain sizes. This simulated microstructure evolutions including the change of grain size and size-dependent 
lognormal GSD under different Va values well accord with the experimental observations. 
In order to find the origins of the variant GSDs, we compare the values of VMC and V required for a lognormal 
distribution because they characterize the shape of the distribution [6]. For the lognormal distribution, the mean 
grain size PD and the standard deviation VD of D are given by )2/exp( 2VPP  D  and 
2/122 ]1))[exp(2/exp(  VVPV D . If the simulated GSDs are lognormal, the values of D  and <V> should 
equal to those of DP  and DV , respectively. Therefore, V for the lognormal distribution can be calculated using the 
values of D  and <V> as )1/ln( 22 ²¢ DVV . Fig. 2(b) shows the evolution of the VMC and V values as a 
function of Va. It indicates that the VMC and VVV  ' MC  values decrease to a minimum with Va increasing to 
~28% and they become larger again with Va further increasing. This suggests that the off-lognormal GSDs have 
larger VMC and ǻV values, while lognormal GSD of Va=~28% has the smallest VMC and ǻV values.  
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Fig. 2. (a) Log-probability plots of the system with different Va values after 2000 MC steps. The straight line is 
guided to the eye. (b) The VMC and V values are plotted as a function of Va. 
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The dependences of microhardness and residual compressive stress on C content are shown in Figs. 3(a) and 
3(b), respectively. It is found that a low hardness value of a26 GPa was obtained in C-free TiN. More C 
incorporation (or increase of the atomic ratio) greatly increases the hardness value till a maximum of a47 GPa is 
obtained at C content of 12.4 at.%, corresponding to atomic ratio of a0.95. This trend is followed by a decrease of 
hardness value with further incorporation of C when atomic ratio is more than one unit. It is apparent that both 
lattice vacancy and formation of nanocomposite structure were harmful for the hardness. In the case of elastic 
modulus, the thin films containing less than 12.4% C shows an almost constant elastic modulus value of a310 
GPa, and a gradual decrease in elastic modulus value was followed with more C incorporation. This indicates that 
the elastic modulus was sensitive to nanocomposite structure rather than lattice vacancy. On the other hand, the 
residual stress exhibits a similar trend with hardness. It is found that TiN has a low compressive residual stress 
value of a2.0 GPa. More carbon incorporation (increase of the atomic ratio) increases the residual stress value till 
a stress maximum of a4.3 GPa is obtained at carbon content of 12.4 at.%. This trend is followed by a decrease in 
stress with further increase of C content when atomic ratio is more than one unit. Finally a stress value of a2.7 
GPa is observed at C content of 48.2 at.%. 
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Fig. 3. (a) Microhardness and (b) residual compressive stress values as a function of C content. 
 
 
 Fig. 4(a) displays the dependence of calculated <EAA>, <EAB>, E'  and ȟ on Va after 2000 MC steps. A linear 
increase to 1.0 of ȟ with increasing Va up to ~28% is observed, showing that the ratio of a/nc boundaries gradually 
increases and consequently all GBs become a/nc boundaries. The parameter ȟ attains to the critical value of ȟ0 
=0.75 for k=3 at Va=~21%. In the case of ȟ<ȟ0, <EAA> is larger than <EAB> and E'  rapidly increases with the 
decrease of Va, indicating that a dramatic driving force exerts on nc/nc boundaries at lower ȟ. This drags nc/nc 
boundaries to slide and leads to the entirely nc/nc-boundary-curvature-driven (BCD) growth. It is interesting to 
note that the ȟ value for every grain is variant [see Figs. 3(a)-3(b)], deciding the different ǻE  and driving force 
on each GB. The grains with smaller ȟ values and larger sizes have stronger driving force and can grow much 
more rapidly than those with average sizes. Therefore, great inhomogeneous growth among grains in this 
nanocomposite system occurs, leading to the large dispersion in D and lnD, i.e. larger MCV  value and off-
lognormal GSD.  
When ȟ0<ȟ<1.0, <EAB> becomes larger than <EAA> and E'  slowly increases with Va, which drives a/nc 
boundaries to glide. The parameter ȟ of most grains is larger than ȟ0 and the discrepancy of ȟ in per GB is not as 
dramatic as the case of ȟ<ȟ0. It is indicated that the grain growth is dominantly controlled by a/nc-BCD growth 
and more homogenous growth process than the case of ȟ<ȟ0 is expected. It decreases the MCV  value and the GSD 
tends to be lognormal.  
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With further increasing Va to ~28%, the parameter ȟ attains to 1.0, and there is no ǻE , i.e. no driving force is 
exerted on GBs because the energy in every site of the boundary is JAB. The grains grow via the numerous site 
exchanges between species A and B and then the re-orientation, showing that the site exchange dominantly 
controls the grain growth. This can be considered as a diffusion process of two kinds of species driven by the 
difference between JAA and JAB. Also, from Fig. 4(b), LG increases to its maximum at Va=~28% and begins to 
decrease with further increasing Va. It indicates that the amorphous phase just covers all GBs (ȟ increasing to 1.0) 
and the monolayer a-matrix has been formed, implying that every grain has invariable ȟ and is enclosed by the a-
matrix with the same Wa. This means that species A in grains has the same probability to transport the a-matrix by 
site-exchange and to reach the GBs of larger grains. It leads to the homogenous growth process, which further 
decreases the VMC value of the system and results in a lognormal distribution. 
For the case of Va>30%, the decrease of LG is observed, implying significantly different Wa values between 
two random grains. In this case, even though the value of <EAB> nearly keeps constant at ȟ=1.0, the species A in 
the smaller grains enclosed by a thicker amorphous matrix will encounter much more site exchanges to reach the 
boundary of a larger grain. It also leads to inhomogenous growth and more small grains are left in the 
nanocomposite system, as shown in their log-probability plots and grain size-probability plot [see Fig. 2(a) with 
Va=45%]. Therefore, the VMC value begins to increase and the GSD deviates from lognormality even if the grain 
size becomes smaller, which well explains the off-lognormal GSD observed in the film with smaller grain sizes 
and larger Wa observed experimentally. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) The values of <EAA>, <EAB>, E'  and ȟ as a function of Va after 2000 MC steps. (b) The total length of 
all GBs LG as a function of Va. 
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It is indicated that the simulated microstructures and GSDs are well accords with those of experiments. The 
nanocomposites with a small region of a-phase amounts (Va=~28%) have the lognormal GSD with smallest grain 
size dispersion and the longest GBs with monolayer amorphous matrix, which is favorable to improve the 
performance of nanocomposite films. Even though the hardening mechanism is very complicated for 
nanocomposite films, the present investigation can supply an explanation to the experimental result why nc-
TiN/a-SiNx nanocomposite films with a grain size range of 5-10 nm surrounded by 1-2 monolayer thick 
amorphous phase has the highest hardness from the GB hardening mechanism [4].  
 
4. Conclusions 
 
The microstructure evolution of nc-TiN/a-(C,CNx) nanocomposite films under different a-phase amounts has 
been investigated by using HRTEM and MC simulations. It was found that the a-phase amounts increasing 
resulted in the grain size decreasing and a size-dependent lognormal grain size distribution. The formation 
mechanism of this microstructure evolution is attributed to the transformation of grain growth mode from the 
nc/nc-boundary-curvature-driven growth to the a/nc-boundary-curvature-driven growth accompanied with a 
convergence of energy on per grain boundary with grain size decreasing (i.e. a-phase amount increasing), leading 
to the tendency from the off-lognormal size distribution to the lognormal one. When a-phase amount increases to 
about 28% with grain size reducing to let per grain boundary covered by one monolayer a-phase, the uniform 
diffusion-controlled growth is dominant, resulting in the lognormal grain size distribution. The results have at 
least two general implications. The first is related to a general principle of controlling the grain size and its 
distribution by adjusting the a-phase amounts in the nanocomposite films. The second implication concerns the 
nature of fabrication of the nanocomposites with well-controlled nanostructure to improve their physical and 
mechanical performance.  
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